in the maximum conductance that can be activated by hyperpolarization and reveals a rapid inactivation process (Gauss et al., 1998).
Figure 1. cAMP Effects on the Gating of HCN2, spHCN, spHCN-F459L
Top: Currents recorded for maximally activating voltage pulses in the presence or absence of cAMP in each channel, from inside-out patches. Bottom: Voltage dependence of channel activation. Tail current amplitudes at ϩ60 mV were normalized to the maximal tail current. Solid line shows the best fit of the data to a Boltzmann function; normalized current ϭ 1/[1 ϩ exp ((V 1/2 Ϫ V)/slope)], where V is voltage in mV and V 1/2 is the activation midpoint voltage. The activation midpoints were Ϫ115.9 Ϯ 1.5 mV in the absence of cAMP and Ϫ100.7 Ϯ 1.1 mV in the presence of 1 mM cAMP (n ϭ 7) for HCN2, Ϫ62.9 Ϯ 2.0 mV without and Ϫ63.6 Ϯ 0.7 mV with cAMP (n ϭ 4) for spHCN, and Ϫ53.3 Ϯ 2.6 mV without and Ϫ45.1 Ϯ 2.1 mV with cAMP (n ϭ 6) for spHCN-459L. Position 459 is located in the S6 region of the spHCN channel. In an ungapped alignment of the P region and S6 region of the Kv and HCN channels, this position is homologous to the first proline of the conserved PVP sequence in the Kv channels. In spHCN and HCN1-4, this position is conserved as a phenylalanine (F). The S6 regions of the HCN channels have an overall ‫%07ف‬ sequence identity. the maximal degree of activation is still substantial comright side of Figure 1 . In the absence of cAMP, there is no longer any obvious inactivation, and the steady-state pared to that seen in the absence of cAMP (for maximally activating pulses, g-max is 76% Ϯ 5% of that seen level of current at negative voltages is nearly as large as that seen in the presence of cAMP. Moreover, there in the presence of cAMP, n ϭ 3 for pulses Ͼ 5 s). By contrast, the spHCN channels show a marked decrease is now a small but clear shift in the voltage dependence when cAMP is added ‫8ف(‬ mV), resembling the effect of in steady-state conductance in the absence of cAMP. There is an early, small peak in the inward current, folcAMP on the HCN2 channel. Conversion of the inactivating phenotype of spHCN lowed by rapid inactivation to a level that is far smaller than in the presence of cAMP, even at the most negato the shift phenotype of HCN2 involves not a loss of function but a change of function-459L channels have tive voltages.
The simplest description of each of these channels is lost their prominent inactivation, but have also acquired the "shift" phenotype of HCN2. The ability to accomplish that for HCN2 channels, cAMP produces a shift in the voltage dependence, making it easier for channels to this conversion with a single point mutation in S6 argues strongly that the two channel types use the same fundaopen, while for spHCN channels, cAMP removes a rapid inactivation mechanism. (An alternative description that mental mechanisms for gating, and that the different phenotypes represent differences "in the numbers"-aids understanding of the gating is that removal of cAMP produces a voltage shift in the HCN2 channels, but prothat is, in the precise relationship between the energetics and kinetics of the different gating processes. This duces inactivation in spHCN channels.) In both cases, cAMP increases the amount of HCN current, but on their contention is supported by another series of experiments that revealed a "covert" inactivation process in face the mechanisms would appear to be quite different in the two cases. the HCN2 channels. In the course of our exploration of the S6 region of these channels, which lines the pore and acts as the Both HCN2 and spHCN Exhibit Prepulse-Induced Closed State Inactivation voltage-controlled gate (Rothberg et al., 2002), we discovered a mutation of spHCN that essentially converts In addition to observing the transient currents that arise from activation followed by inactivation, classical studits behavior to that of the mammalian HCN2 channel. The gating of the spHCN-F459L mutant is shown at the ies of channel inactivation rely on the application of long voltage prepulses to discern the effect of inactivation on the subsequently activated currents (Hodgkin and Huxley, 1952). We applied this approach first to spHCN channels in the presence of cAMP, where no frank inactivation was apparent. We compared the currents evoked by an activating pulse directly from the holding potential (ϩ10 mV) with those evoked after a prolonged (8 s) prepulse to Ϫ35 mV (Figure 2, top) . Our initial expectation was that this subactivating prepulse would make subsequent activation faster, by pre-activating the channels from their deepest closed states into states more "ready to open" (Cole and Moore, 1960). The actual result was the opposite: the prepulses caused subsequent currents to activate more slowly, as though weakly activating prepulses put the channels into a more "difficult to activate" state-i.e., an inactivated state. Eventually the prepulsed channels "catch up" and reach the same steady-state level of current. The effect of prepulses on spHCN activation was small but reproducible, and it did not result from drift or rundown, as it could be demonstrated by alternating between prepulse and nonprepulse trials.
A similar effect was seen for HCN2 channels ( Figure  2 , middle and bottom). As for the spHCN channels, the prepulse voltage was chosen to be at the foot of the g-V curve, so that little or no channel opening was produced during the prepulse. Application of a prepulse caused a reduction and slowing of the current activated during the subsequent test pulse (dotted traces in Figure 2 ). This effect was more striking for test pulses to voltages in the middle of the g-V curve; with more negative test pulses, the pre-inactivated currents eventually recover and produce the same level of current seen without a prepulse.
The effect appears to represent a form of closed-state inactivation, because it occurs following prepulses to voltages that do not produce significant voltage-dependent channel opening (Figure 3) . Moreover, our impression is that the inactivation does not produce a complete incapacity of the channels to open, but rather it makes them more difficult to open: prepulse-inactivated channels just require larger hyperpolarizations to make them open. The small size of the effects and the tendency of the baseline g-V to shift from patch to patch, and with time during a recording, makes it difficult to characterize this behavior more quantitatively, but the qualita- Figure 4A shows how we measured the ZD7288 entry in the constant presence of cAMP. Test pulses were applied every 4 s to measure the current. These test pulses were interrupted by brief (1 s) applications of ZD7288, done while channels were activated by a voltage step to Ϫ100 mV. Each drug application produced a strong reduction in the current measured in the subsequent test pulses. The overall inhibition is plotted as a function of the cumulative application time in Figure 4C ; this shows a single exponential time course for inhibition in the presence of cAMP with a time constant of ‫0.1ف‬ s for this experiment. Because of the small size of the spHCN currents in the absence of cAMP, we used a slightly more complicated strategy to measure the inhibition rate. Before and after each application of ZD7288, test pulses in the presence of cAMP were used to assess the amount of inhibition. Cyclic AMP was washed out before each subsequent application of the blocker (and the duration of ZD7288 exposure was increased to 5 s because the inhibition was so slow). In the absence of cAMP, inhibition proceeded with a time constant of ‫1.7ف‬ s in this experiment ( Figure 4C ).
On average, the inhibition rate for ZD7288 was reduced ‫-6ف‬fold by removal of cAMP. This is comparable with the average change of ‫-8ف‬fold in the inward current ( Figure 4D) . In other words, it appears that the channels become closed to blocker entry from the intracellular side when they are inactivated by removal of cAMP. mer interface leads to desensitization. Although the deRemoval of cAMP produces a large reduction in the tails are certain to be different, the glutamate receptors current through spHCN channels: the initial rising phase demonstrate this basic theme of desensitization through of the current is similar to that seen in the presence of slippage or uncoupling. cAMP, but then the current declines ("inactivates") to a
We suspect that this process of inactivation through much smaller steady-state level. Apparently this "inactidesensitization to voltage, described here for the sea vation" is due to a closure of the intracellular activation urchin spHCN channel, is not unique to these channels gate. (We attribute the rapid inactivation and the steadyand is likely to occur in other members of the voltagegated channel superfamily. state reduction to the same process, but it is difficult
